Abstract-Scintillation testing is a method that activates the self-healing mechanism in tantalum capacitors. In preliminary experiments, the deliberate activation of self-healing yielded up to 100% higher breakdown voltages in weak parts that had an increased risk of ignition failure. This improvement results in better performance under surge current conditions. This paper demonstrates that scintillation conditioning reduces surge current failures in tantalum capacitors with manganese dioxide cathodes. Tantalum capacitors with MnO 2 cathodes from two manufacturers are subjected to scintillation conditioning and are compared with non-conditioned populations in a surge current test. To ensure that the activation of the self-healing mechanism has no detrimental effect on the reliability of the parts, a life test is conducted. The results show that the conditioning method increases the breakdown voltage of self-healed tantalum capacitors by up to 25% under surge current conditions, which mitigates the risk of ignition failures. No detrimental effect on the life of the conditioned samples was observed.
Abstract-Scintillation testing is a method that activates the self-healing mechanism in tantalum capacitors. In preliminary experiments, the deliberate activation of self-healing yielded up to 100% higher breakdown voltages in weak parts that had an increased risk of ignition failure. This improvement results in better performance under surge current conditions. This paper demonstrates that scintillation conditioning reduces surge current failures in tantalum capacitors with manganese dioxide cathodes. Tantalum capacitors with MnO 2 cathodes from two manufacturers are subjected to scintillation conditioning and are compared with non-conditioned populations in a surge current test. To ensure that the activation of the self-healing mechanism has no detrimental effect on the reliability of the parts, a life test is conducted. The results show that the conditioning method increases the breakdown voltage of self-healed tantalum capacitors by up to 25% under surge current conditions, which mitigates the risk of ignition failures. No detrimental effect on the life of the conditioned samples was observed.
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I. INTRODUCTION
T HE advantages of tantalum capacitors with manganese dioxide cathodes are high volumetric efficiencies of more than 100 000 CV/g (Capacitance x voltage/gram) [1] , stability of their capacitance over their rated temperature range within 5% [2] , and the ability to self-heal after dielectric breakdown [3] - [5] . However, the application range of tantalum capacitors is limited due to their low maximum rated voltage of 50 V. Dielectric breakdown of tantalum capacitors with manganese dioxide can be problematic under large surge currents, since the parts can ignite and damage surrounding parts and circuitry. Manufacturing defects and impurities can cause surge current failures due to a reduction of the breakdown voltage (BDV) [6] , [7] . Thermo-mechanical stresses experienced during the reflow process can exacerbate the failure rate [8] - [10] . Since tantalum capacitors are increasingly used in low impedance applications due to their long life, volumetric efficiency, small size, and the development of tantalum capacitors with even higher CV products, the potential damage due to surge current failures is expected to increase [6] .
Despite the employment of screening methods suggested to "ensure" that tantalum capacitors are capable of withstanding surge currents in their application conditions [11] , [12] , failures during the power-on process of surge current screened tantalum capacitors have been reported [8] - [10] . The failure voltages were found to be in some cases even lower than the rated voltage [8] - [10] . The risk of ignition failure is further increased if voltage transients occur when switching on the power supply. Surge current failures occur due to impurities within the dielectric and dielectric thickness variations that reduce the BDV [6] , [7] . Our preliminary research, as well as other research [6] - [9] , suggests that the self-healing mechanism of tantalum capacitors has the potential to isolate these defects, as well as defects created by thermo-mechanical stresses during the reflow process that could result in surge current failures. Therefore, a conditioning method based on scintillation testing was developed that either screened out samples that were not capable of withstanding a predetermined voltage or conditioned weak samples by activating the self-healing mechanism to improve their BDV. The improvement was expected to minimize failures under surge current conditions. Since the self-healing mechanism involves the conversion of materials within the capacitors, a life test was conducted to rule out the possibility that the life of the parts was degraded or that new failure mechanisms were introduced due to the conditioning method.
Due to its destructive potential, the ignition failure mechanism of tantalum capacitors is of particular interest. If the dielectric BDV is exceeded, breakdown of the dielectric occurs, which forms a localized conductive path. This path of low resistance leads to a current concentration, which can be observed as a sudden increase of leakage current. The increase of leakage current results in a temperature rise. If the magnitude of current is not restricted and enough current is supplied through the breakdown site, a chain reaction starts at about 480
• C that allows Ta2O5 to change from an insulating, amorphous state into a conductive, crystalline state [3] , [13] . As the crystalline Ta2O5 area increases, the current is distributed and converts more amorphous Ta2O5 into crystalline Ta2O5. The heat generated due to the reaction can ignite the part and disintegrate the mold compound within. The phenomenon, which is referred to as "ignition failure," is usually accompanied by loud noise and possible flash. Ignition failure occurs under surge current conditions, for example when the tantalum capacitors are connected to a power supply in series. Self-healing can occur after the breakdown of the dielectric and is often cited as a feature contributing to the life of tantalum capacitors with manganese dioxide cathodes [3] - [5] . Since breakdown sites form small current channels from the tantalum anode to the MnO2 cathode material, the concentrated current causes a quick localized temperature rise in the MnO2 cathode. If the temperature exceeds about 380
• C [3] , MnO2 starts to release oxygen and converts to a reduced oxygen state with a lower conductivity. This process allows the cathode to isolate the failure by forming a Mn2O3 cap over the breakdown site. Self-healing requires a certain amount of time to take place [3] . Under large surge currents, there is not enough time for self-healing to take place [4] , which is the reason why selfhealing may not be observed under surge current conditions. The process of breakdown of the dielectric with subsequent self-healing is referred to as "scintillation" and can be produced with appropriate testing methods.
Scintillation testing is used by capacitor manufacturers to assess the dielectric BDV within and between batches of capacitor samples and to deliberately activate the self-healing mechanism [3] . During scintillation testing, capacitors are slowly charged at a predetermined constant current, typically in the micro ampere range, while the voltage across the capacitor is measured. The capacitor under test is charged until breakdown of the dielectric occurs or until the capacitor voltage is equal to a preset compliance voltage (VC). After the breakdown the part discharges momentarily, which is observed as a sharp voltage drop. When the self-healing process is complete, the capacitor is able to charge again (Fig. 1) , which results in a measurable rise of voltage until the next breakdown occurs or until the compliance voltage is reached. If the compliance voltage is reached, the instrument switches from a constant current mode to a constant voltage mode in order to avoid voltage overstressing of the sample (Fig. 2) . The voltage at which breakdown occurs in a scintillation test will be referred to as scintillation BDV (VScint).
While it has been shown that the activation of the selfhealing mechanism is possible with scintillation testing [3] , [5] , [14] , research on the effect of self-healing on the electrical characteristics such as BDV and leakage current of the parts is limited. Teverovsky [5] , [14] found that the occurrence of scintillation breakdowns degraded some of the parts and, therefore, decreased the surge current failure voltages. He conducted scintillation tests with different capacitor types and recorded the scintillation BDVs. The first two scintillation voltages were compared to identify whether the self-healing process was incomplete and therefore damaging. He distinguished between constructive and destructive scintillations based on the following definitions:
The definitions of V Scint1 and V Scint2 are illustrated in Fig. 3 . Teverovsky [5] , [14] found that the proportion of damaged capacitors that experienced multiple scintillations ranged from 0% to 100% depending on the lot. This can degrade parts and possibly have a detrimental impact on the surge current reliability of the parts. Teverovsky [4] also examined the effect of scintillation and step stress surge current testing on the breakdown distributions. The Weibull distributions of the BDVs for scintillation and surge current tested samples were found to indicate similar breakdown mechanisms. This suggests that improvements due to self-healing in BDV under scintillation test conditions translated to improved BDVs under surge current conditions. Teverovsky observed lower BDVs for parts that were tested under surge current conditions than under scintillation test conditions. This was contrary to Long et al. [8] , who found that the current magnitude affected the occurrence of self-healing or ignition following the breakdown rather than the level of BDV.
Long et al. [8] , [9] developed a method ("proofing") to improve the surge current performance of tantalum capacitors with MnO2 cathodes. The method involved powering up capacitors through a 1000 Ω resistor and verifying the voltage across the capacitor after 7 seconds of an application of rated voltage. If the voltage was not within 90% of the applied voltage the part was screened out. Comparison of proofed and nonproofed capacitor populations showed higher projected failure voltages under scintillation and surge current test conditions for the proofed populations. A life test at rated voltage and 85
• C was conducted and showed decreased failure rates in the proofed populations. The authors believe that self-healing during the proofing process might be the reason for the improved performance of the parts. The effect of self-healing on the surge current reliability was unknown, since possible self-healing events during the proofing process were not monitored. Therefore, a detailed analysis of the impact of selfhealing on improvements in the surge current reliability had to be conducted. Further, analysis of the impact of scintillation conditioning on the leakage current can improve scintillation conditioning as a means to mitigate surge current failures. Concerns about the possible degradation of the life of the parts due to the deliberate activation of self-healing need to be addressed with an accelerated life test comparing conditioned and non-conditioned sample populations.
The goal of this study was to demonstrate that improvements due to self-healing in BDV under scintillation test conditions translate to improved BDVs under surge current conditions. In addition, we demonstrate that incomplete self-healing can degrade leakage current and must therefore be used as a screening criterion when assessing scintillation conditioned capacitors. This effort has enabled the development of a scintillation conditioning method which screens out incompletely self-healed parts and efficiently mitigates the risk of surge current failures of tantalum capacitors in field applications.
II. APPROACH TO SCINTILLATION CONDITIONING
Capacitor samples from two different manufacturers, A and B, were exposed to scintillation conditioning to deliberately activate the self-healing mechanism in weak samples. Based on the literature review we expected an improvement in the breakdown characteristics due to scintillation conditioning. In order to confirm that the improvements due to scintillation conditioning lead to a decreased surge current failure rate, the impact of the conditioning method on tantalum capacitors was assessed under two test conditions. In the first test, conditioned and non-conditioned samples from both manufacturers were subjected to a step stress surge current test to measure the surge current BDVs. In the second test, the populations were exposed to an accelerated life test under accelerated voltage and temperature conditions. The life test determined if the scintillation conditioning method degraded the life of selfhealed parts.
Test samples with the same design parameters from two manufacturers were chosen for the tests. Both capacitor types were industrial standard, EIA size 2917 tantalum capacitors with MnO2 cathodes.
The impact of self-healing can be difficult to determine if the proportion of self-healed parts in the population is small or if the improvements in BDV are small. The compliance 
where VC was the compliance voltage [V], μScint was the mean of the scintillation BDVs [V], and σScint was the standard deviation of the scintillation BDVs [V]. The aggressive criterion was chosen for research purposes, but might not be useful in the production environment, where only a small risk of damaging the parts is acceptable. Assessment of the BDV distributions was used to determine the quality variations between different capacitor populations. In order to identify the BDV distribution for the two capacitor types used in this study, groups of 30 capacitors from each manufacturer were scintillation tested to measure the BDV. The mean (μScint), standard deviation (σScint), and scintillation BDV for each population were calculated.
Based on the definition of the criterion of compliance voltage, we expected that 15.8% of our samples that were exposed to scintillation conditioning will either be scintillation conditioned or screened out if the self-healing process was destructive.
The results from the initial assessment of the scintillation voltage distributions of capacitors from manufacturers A and B (each n = 30), and their respective compliance voltages as used in the scintillation conditioning procedure are summarized in Table I .
The BDV distributions and the compliance voltage are shown in Figs. 4 and 5 .
The BDV distributions revealed differences in the quality control between the two manufacturer lots. The margins between the compliance voltages and the means of the BDVs suggested that the potential BDV increase of weak samples is higher in the manufacturer B population as compared to manufacturer A.
150 samples from each manufacturer were exposed to scintillation conditioning. Before the parts were exposed to any electrical or thermal stresses the parts were baked at 125
• C to remove residual moisture from the package as described in JESD22-A113D [16] . Scintillation conditioning was performed at a temperature of 25
• C and a charging current of 750 μA using an Agilent semiconductor parameter analyzer 4155C. To assess the effect of scintillation conditioning on the leakage current, the leakage current of each part was measured before (LCPre) and after (LCPost) conditioning after electrification with rated voltage for 5 minutes. The parts were accepted if both of the following criteria applied or if the part charged up to compliance voltage without any scintillation:
A two fold increase of leakage current was considered to be acceptable to account for the repeatability of the leakage current measurement, which was found to be within the specified range. Possible outcomes of scintillation conditioning are demonstrated in Figs. 6 and 7. 
III. RESULTS OF SCINTILLATION CONDITIONING
After scintillation conditioning the samples, their electrical characteristics were analyzed to identify screened out, selfhealed, and passed samples. A summary of the analysis is shown in Fig. 8 .
28% of the manufacturer A samples and 57% of the manufacturer B samples experienced scintillations. The percentages of rejected parts were significantly higher than the expected 15.8% as defined by the compliance voltage due to the conservative acceptance criterion applied to the leakage current. Parts were screened out if the leakage current increased by more than twice the original value. Most parts were found to be in the lower nano ampere range where a twofold increase should Fig. 9 . Effect of scintillation conditioning on average BDV and average leakage current in parts that experienced scintillations. not be problematic. Therefore, a less conservative acceptance criterion for leakage current would result in a lower number of rejected parts without a detrimental influence on the surge current reliability of the sample population.
The effect of self-healing on the scintillation BDV and leakage current was assessed after conditioning the parts. Changes in the scintillation BDV and the leakage current were only observed in parts that experienced scintillations. Parts that charged up to the compliance voltage without scintillations showed no change in BDV or leakage current. To determine the scintillation breakdown increase due to scintillation conditioning the first scintillation breakdown VScint1 was compared to the respective compliance voltage of each manufacturer. A summary of the average change of BDV and leakage current in parts is shown in Fig. 9 .
The average scintillation BDV increased by 5% in parts from manufacturer A and by 27% for parts from manufacturer B. Weak samples of manufacturer B exhibited a larger potential increase of BDV due to scintillation conditioning. The improved BDVs achieved under scintillation test conditions were expected to translate to an improved surge current reliability. While most samples showed no degradation of leakage current, 12 samples from manufacturer A and 4 samples from manufacturer B showed an increase of leakage current of up to 12 times the original leakage current despite the occurrence of increasing scintillation voltages, which was previously used by Teverovsky [5] , [14] to identify an increase in dielectric strength. This showed that assessing the impact of self-healing based on the scintillation voltages was not sufficient, since leakage current was shown to degrade even in cases where constructive scintillations were observed.
IV. ASSESSMENT OF SCINTILLATION CONDITIONING IN SURGE CURRENT RELIABILITY TEST
In order to assess the effect of scintillation conditioning on the surge current reliability of the parts a step stress surge current test (SSST) was conducted (see Fig. 10 ). The test was designed to simulate power-on loading conditions as experienced by tantalum capacitors in low-impedance circuits [6] , [15] , [17] - [19] .
In surge current testing of tantalum capacitors, dielectric breakdown often results in ignition failure as opposed to selfhealing during scintillation conditioning. In the test, the device under test (DUT) was initially discharged through a 1000 Ω resistor before each surge. Subsequently a 680 μF electrolytic capacitor (CB) was charged to the rated voltage. Capacitor CB was then discharged onto the DUT by switching three parallel MOSFETs. An Agilent 4155C semiconductor parameter analyzer was used to provide the charging voltage for CB and the switching voltage for the relay and the MOSFETs. A schematic of the test circuit is shown in Fig. 10 . During the switching event the voltage drop across the DUT was monitored with an oscilloscope. The voltage waveform was monitored for 50 μsec after switching as shown in Fig. 11 , while the DUT was charged within 20 μsec. Current peaks reached were at about 70 A at test voltages of 75 V. The DUT was designated as failed if it did not charge to at least 90% of the set voltage level of capacitor CB, which occurred in the event of dielectric breakdown. If the DUT did not fail at the set voltage level, the voltage was increased by 1 V and the surge cycle was repeated at the higher voltage level. Since voltage output of the Agilent 4155 C was limited to 100 V, samples that did not fail at 100 V were labeled as suspended.
The test samples were divided into two groups consisting of conditioned and non-conditioned samples. Each group contained sub-groups from manufacturer A and B as shown in Table II . Fig. 12 . Two-parameter Weibull analysis of step stress surge current test data of conditioned and non-conditioned samples from manufacturer A. Fig. 13 . Two-parameter Weibull analysis of step stress surge current test data of conditioned and non-conditioned samples from manufacturer B.
V. RESULTS OF SURGE CURRENT RELIABILITY TEST
The failure data was analyzed using Reliasoft's Weibull++ statistical analysis software. A two-parameter Weibull distribution provided a good fit to the data as shown in unreliability plots (probability of failure plots) in Figs. 12 and 13 .
The improvement in surge current reliability was small for the manufacturer A, which can be attributed to the low BDV standard deviation (σScint = 4.72 V). The manufacturer B sample population, which showed a large BDV standard deviation (σScint = 20.88 V) showed a considerable increase in surge current reliability. Two outliers in the conditioned and non-conditioned population of manufacturer A were observed. The surge current failure of conditioned outlier occurred 55 V. Analysis of the history of the part shows that leakage current decreased from 28.4 nA to 17.0 nA and that no scintillations occurred during conditioning. No data anomalies compared to the nominal population was found. This indicates failures due to a different failure mechanism. It is possible that temperature effects occurring during the breakdown event reduced the breakdown voltage to a lower level as compared to the rest of failed samples.
The Weibull parameters and correlation coefficients of the analysis are summarized in Table III. For manufacturer B the 27% increase of the BDV due to scintillation conditioning was close to the 26% surge current BDV increase. This demonstrated that scintillation conditioning was effective in mitigating surge current failures. Similarly, for manufacturer A, the difference between the scintillation BDV increase of 5% and the surge current BDV increase of 3% was marginal. We observed that the BDV improvement in the population of manufacturer A was small compared to the population of manufacturer B. This suggested that scintillation conditioning should primarily be applied to populations or lots with a high BDV standard deviation, where an improvement in surge current BDV of weak samples has a significant impact on the population. While the overall BDV improvement in manufacturer B parts was about 26%, individual weak samples showed improvements of more than 100%. The beta values for the conditioned and non-conditioned populations indicated the same failure mechanisms, suggesting that no new failure mechanisms were introduced due to scintillation conditioning.
VI. ASSESSMENT OF SCINTILLATION CONDITIONING ON LIFE IN ACCELERATED LIFE TEST
Since the process of self-healing converts cathode material, it could be possible that the life of the parts can degrade or that a new failure mechanism is introduced. To assess the influence of scintillation conditioning on the life of the parts an accelerated life test at 125
• C and 1.5 × VR was conducted. Similarly to the surge current test, the test samples were divided into two groups consisting of conditioned and non-conditioned samples. Each group contained sub-groups from manufacturer A and B as summarized in Table IV. Each sample was connected in series with fast acting fuses rated to a maximum current of 125 mA, since an increase of leakage current is an indicator of tantalum capacitor degradation. The power supply was capable of providing up to 35 A. The voltage drop across the fuses was measured at 3 min intervals with an Agilent 34980 A data acquisition system. In the event of a failure of the fuse, the time to failure was recorded. A schematic of the test setup is shown in Fig. 14. 
VII. RESULTS OF ACCELERATED LIFE TEST
The failure data of the life test for the conditioned and non-conditioned populations was analyzed using Reliasoft's Weibull++ software. Analysis for the manufacturer A populations showed bi-modal distributions as shown in Fig. 15 . While the failure mechanisms were not affected by the conditioning method, we observed a slightly higher value of characteristic life (η) for the conditioned population. This suggested that scintillation conditioning had no detrimental effect on the life, but instead improved the life of the population. The Kruskal-Wallis test confirmed this observation, showing statistically significant differences between the conditioned and non-conditioned population of manufacturer A (p-value = 0.0073). One infant mortality failure in the conditioned population was observed. A closer look at this data point revealed that the failure occurred without any significant degradation of leakage current before failure as opposed to the other observed failures. The sample did not experience any scintillations during conditioning which suggests that the sample had an inherent defect that was not screened out prior to testing.
The life test of manufacturer B (Fig. 16 ) populations did not result in a significant number of failed samples. Most failures were infant mortality failures that occurred within 1 hour. While no conclusions about the life of the samples can be drawn due to the limited statistical information, we observed a higher number of infant mortality failures in the non-conditioned population. Surprisingly, even after testing up to 4000 hours no wear out mechanism was observed. While Teverovsky [5] did not condition tantalum capacitors, he made similar observations about inconsistent failure times and mechanisms when testing various non-conditioned capacitor designs. He found that testing different capacitor types at the same conditions can result in significantly different characteristic lives ranging from η = 10.3 h to 27 000 h with some capacitor lots showing no wear out mechanism. A summary of the estimated Weibull parameters is shown in Table V. TABLE V  ESTIMATED WEIBULL PARAMETERS OF HALT TEST Statistical differences were observed between the respective manufacturer A populations of conditioned and nonconditioned samples. This means that there was no evidence for the concern that scintillation conditioning degraded the life of the parts. Instead the data indicated that an improvement in the life was achieved in the manufacturer A population. The behavior of the capacitor population from manufacturer A and B in the life test was inconsistent. For the duration of the test, the statistical analysis of manufacturer A data revealed a wear out mechanism, whereas parts from manufacturer B failed due to infant mortality.
VIII. SUMMARY AND CONCLUSION
The impact of failure of tantalum capacitors with manganese dioxide cathodes surge current conditions can be catastrophic to the surrounding circuitry and components. Prymak et al. [8] - [10] showed that current screening tests did not reliably screen out weak samples, which resulted in reports of surge current failures. This study demonstrates that the deliberate activation of the self-healing mechanism can be used to improve the surge current reliability.
To assess the impact on the surge current reliability, we exposed conditioned and non-conditioned tantalum capacitor populations from two manufacturers to a step stress surge current test. The results show that scintillation conditioning mitigates the ignition failure risk of tantalum capacitors. In the weaker population of manufacturer B the surge current breakdown voltage of the conditioned parts increased by 26% as compared to the non-conditioned parts. Individual weak samples showed improved surge current breakdown voltages by more than 100%. Further, we demonstrated that improvements due to self-healing in breakdown voltage under scintillation test conditions translate to improved breakdown voltages under surge current conditions.
To determine whether scintillation conditioning had any detrimental effect on the parts, leakage current and breakdown voltage was measured before and after conditioning. The analysis demonstrates that incomplete self-healing can degrade leakage current, while having no detrimental effect on the breakdown voltage. Leakage current must therefore be used as a screening criterion when assessing scintillation conditioned parts. The impact of scintillation conditioning on two competing capacitor designs was assessed in an accelerated life test at 125
• C and 1.5 × VR of conditioned and non-conditioned samples. The results of the life test show that scintillation conditioning did not degrade the life of the parts.
To expand the application range of tantalum capacitors with manganese dioxide, capacitor manufacturers are driving component technology towards a higher voltage level, which increases the released energy in the event of surge current failure and the potential damage to the circuit. This development requires effective methods to reduce the ignition failure risk in weak tantalum capacitor populations. Scintillation conditioning might be useful to reduce the risk of failure under surge current conditions and can save both equipment manufacturers and their customers the cost of replacing damaged circuits due to ignition of tantalum capacitors.
